In this study, we cloned the Pseudomonas aeruginosa zwf gene, encoding glucose-6-phosphate dehydrogenase (G6PDH), an enzyme that catalyzes the NAD ؉ -or NADP ؉ -dependent conversion of glucose-6-phosphate to 6-phosphogluconate. The predicted zwf gene product is 490 residues, which could form a tetramer with a molecular mass of ϳ220 kDa. G6PDH activity and zwf transcription were maximal in early logarithmic phase when inducing substrates such as glycerol, glucose, or gluconate were abundant. In contrast, both G6PDH activity and zwf transcription plummeted dramatically when bacteria approached stationary phase, when inducing substrate was limiting, or when the organisms were grown in a citrate-, succinate-, or acetatecontaining basal salts medium. G6PDH was purified to homogeneity, and its molecular mass was estimated to be ϳ220 kDa by size exclusion chromatography. Estimated K m values of purified G6PDH acting on glucose-6-phosphate, NADP ؉ , and NAD ؉ were 530, 57, and 333 M, respectively. The specific activities with NAD ؉ and NADP ؉ were calculated to be 176 and 69 mol/min/mg. An isogenic zwf mutant was unable to grow on minimal medium supplemented with mannitol. The mutant also demonstrated increased sensitivity to the redox-active superoxide-generating agent methyl viologen (paraquat). Since one by-product of G6PDH activity is NADPH, the latter data suggest that this cofactor is essential for the activity of enzymes critical in defense against paraquat toxicity.
Pseudomonas aeruginosa is a gram-negative bacillus that is virtually ubiquitous throughout nature. It is also an opportunistic pathogen of humans, most notably those who have cystic fibrosis or whose immune systems have been compromised (e.g., as a result of burns or cancer chemotherapy) (11, 16, 55) . The organism has a remarkable capacity to utilize a wide range of carbon sources for growth under a variety of environmental conditions. Although tricarboxylic acid (TCA) cycle intermediates such as succinate are preferentially utilized by P. aeruginosa, the organism readily catabolizes glucose. In contrast to the facultative organism Escherichia coli, P. aeruginosa does not metabolize glucose via the Embden-Meyerhof pathway because it does not possess 6-phosphofructokinase (36) . Thus, the catabolism of glucose by P. aeruginosa requires its conversion to glyceraldehyde-3-phosphate and pyruvate via the Enter-Doudoroff enzymes 6-phosphogluconate dehydratase (Edd) and 2-keto-3-deoxy-6-phosphogluconate aldolase (Eda) (36) . Depending on the physiological conditions, glucose is converted to 6-phosphogluconate by one of two routes, one of which is oxidative and the other of which is phosphorylative. The direct oxidative route involves oxidation of glucose to gluconate and 2-ketogluconate in the periplasm via membrane-bound glucose and gluconate dehydrogenases (29) . Recently both oxidative routes have been shown to be physiologically significant with the isolation of mutants blocked in either gluconate or 2-ketogluconate utilization (67a) . Alternatively, the phosphorylative route involves uptake of glucose by an inducible transport system where, once inside the organism, it is phosphorylated by glucokinase and next converted to 6-phosphogluconate by glucose-6-phosphate dehydrogenase (G6PDH; EC 1.1.1.49), the product of the zwf gene (29) .
Interestingly, a zwf mutant of E. coli was reported to be more sensitive to the redox-active, superoxide (O 2 Ϫ )-generating agent methyl viologen (paraquat) (19) . It was then postulated by Liochev and Fridovich (38) that this sensitivity was attributed to a reduced level of NADPH, a cofactor necessary for the activity of glutathione reductase (3) and alkylhydroperoxide reductase (32) , enzymes which combat paraquat-mediated oxidative stress.
In this study, we describe the cloning and characterization of the zwf gene of P. aeruginosa PAO1. We demonstrate that inactivation of the zwf gene does not allow mutant organisms to grow on mannitol as the sole carbon source. In addition, we demonstrate that the zwf gene is under tight control, being highly transcribed in the presence of inducing agents such as glycerol and glucose and weakly transcribed in the presence of the TCA cycle intermediate succinate. In addition, we demonstrate that G6PDH activity is important in resistance to the O 2 Ϫ -generating agent paraquat.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. All P. aeruginosa and E. coli strains used in this study are listed in Table 1 and were maintained on Luria (L)-agar plates containing 10 g of tryptone, 5 g of yeast extract, 5 g of NaCl, and 15 g of Bacto Agar per liter. Frozen stocks were stored indefinitely at Ϫ80°C in a 1:1 mixture of 25% glycerol and stationary-phase culture grown in L broth.
Growth conditions. All bacteria were grown from single-colony isolates in either L broth or a basal salts medium (69) supplemented with 20 to 60 mM selected carbon sources. Liquid cultures were grown at 37°C with shaking at 300 rpm or on a roller wheel at 70 rpm unless otherwise indicated. Culture volumes were 1/10 of the total Erlenmeyer flask volume to ensure proper aeration. All agar media were solidified with 1.5% Bacto Agar.
Cloning and sequence analysis of P. aeruginosa PAO1 zwf. Steps involved in the cloning of the P. aeruginosa PAO1 zwf gene are described in Results. All DNA sequencing was performed by the dideoxy method on double-stranded DNA (Sequenase 2.0; U.S. Biochemical, Cleveland, Ohio). Sequence obtained by this method was confirmed on both strands by using a PRISM Dye Deoxy terminator cycle sequencing kit and analyzed on an ABI model 373A DNA sequencer. Additional DNA sequencing was provided by the Biotechnology Program of the East Carolina University School of Medicine. Oligonucleotides for DNA sequencing reactions and PCR analysis were synthesized in the DNA Core Facilities, Department of Molecular Genetics, Biochemistry and Microbiology, University of Cincinnati College of Medicine, or were provided by the Biotechnology Program, East Carolina School of Medicine. Sequence analysis was performed with Sequencher 3.0 (Gene Codes Corp., Ann Arbor, Mich.), MacVector 4.1.1 (Eastman Chemical Co., New Haven, Conn.), or Gene Runner (Hastings Software, Inc.). Amino acid alignments were performed by using either the BLASTP program provided by the National Center for Biotechnology Information (1) or the Align Plus 3 global alignment program (Sci-Ed Software, Durham, N.C.). Potential transcription start sites were identified by using the Neural Network Promoter Prediction program (http://www-hgc.lbl.gov/projects/ promoter.html [54] ).
Manipulation of recombinant DNA. Plasmid DNA was transformed into either E. coli DH5␣-MCR (Gibco-BRL, Gaithersburg, Md.) or E. coli SM10 (63). 5-Bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal; 40 g/ml) was added to agar medium to detect the presence of insert DNA via blue/white selection. Restriction endonucleases, alkaline phosphatase, and T4 DNA ligase were used as specified by the vendor (Gibco-BRL); Plasmid DNA was isolated on a small scale by the alkaline lysis method described by Maniatis et al. (43) or on a large scale by using a plasmid isolation kit (Qiagen). Restriction fragments were recovered from agarose gels by using SeaPlaque low-melting-point agarose (FMC BioProducts, Rockland, Maine).
Construction of the G6PDH overexpression vector, pJFM3. PCR primers ZWF-START (5Ј-GTAACAACACATGTCTGATGTCCGCGTTCT-3Ј) upstream of the P. aeruginosa zwf gene and KS (5Ј-TCGAGGTCGACGGTATC-3Ј) of pBluescript KSϪ were used to PCR amplify the zwf gene from pJFM1, and this fragment was cloned into the EcoRV site of pBluescript KSϪ. This plasmid, designated pJFM2, was digested with AflIII and EcoRI, and the resulting ϳ1.6-kb zwf fragment was ligated into the NcoI/EcoRI-cut expression vector pEX30 (61a), forming pJFM3. Plasmid pJFM3 was then used for overproduction and purification of G6PDH as described below.
Purification of P. aeruginosa G6PDH. Overproduction of G6PDH in P. aeruginosa PAO1 was accomplished after the following steps. Bacteria harboring the zwf overexpression vector pJFM3 were grown in 4 liters of L broth containing carbenicillin (400 g/ml) to an optical density at 600 nm (OD 600 ) of 0.3. The synthesis of T7 polymerase was then induced by the addition of 0.2 mM isopropyl-␤-D-thiogalactopyranoside (IPTG), and the bacteria were allowed to grow for an additional 3 h at 37°C. The bacteria were pelleted by centrifugation at 10,000 ϫ g for 15 min, washed in 0.9% saline, and resuspended in 50 mM Tris-HCl (pH 7.8) containing mercaptoethanol (0.02%), lysozyme (0.02%), and the protease inhibitors phenylmethylsulfonyl fluoride (0.5 mM), leupeptin (0.5 M), and pepstatin (0.5 M). The suspension was incubated on ice for 1 h and subjected to three freeze (Ϫ80°C)-thaw (37°C) cycles to aid in breakage of the cells and further disrupted in a French pressure cell at 12,000 lb/in 2 at 4°C. Unbroken cells and cell debris were clarified by ultracentrifugation at 100,000 ϫ g for 1 h at 4°C. The clarified extract was brought to 38% saturation with ammonium sulfate and allowed to incubate at 4°C for 17 h, and the precipitated protein was clarified by centrifugation at 10,000 ϫ g for 20 min. The precipitate was dissolved in 20 mM potassium phosphate buffer (KP i ), pH 6.8, and dialyzed against six 1-liter changes of the same buffer at 4°C. This solution was filtered After concentration of the G6PDH-containing fractions as described above, sample was loaded on a 1.5-by 6-cm hydroxyapatite column and eluted with a 20 to 150 mM gradient of KP i . Finally, G6PDH was purified from two smaller contaminating proteins by passage through a 3.5-by 100-cm Bio-Gel 150 gel filtration column equilibrated with 20 mM KP i (pH 6.8) at 4°C while maintaining a flow rate of 0.2 ml/min. Purified G6PDH was then stored on ice at 0°C. Construction of a P. aeruginosa zwf mutant. The strategy for insertional mutagenesis of the zwf gene was based on the sucrose counterselection technique (59) . To accomplish this, a ϳ1-kb PstI-BamHI fragment from pJFM1 was ligated into pNOT19 (59), forming pJFM9. This plasmid was linearized with HincII, a unique site within the zwf gene, and ligated to a SmaI-cut ϳ850-bp gentamicin resistance (Gm r ) cassette from pUCGM (60), creating pJFM10. This plasmid was linearized with NotI and ligated to the 5.8-kb oriT sacB-containing fragment of pMOB3 (59), creating pJFM11. After biparental mating of E. coli SM10 harboring pJFM11 and P. aeruginosa PAO1, plasmid integration into the genome by homologous recombination was assessed by selection on Pseudomonas isolation agar (PIA)-gentamicin plates. Isolated Gm r colonies were picked and grown in L broth until mid-log phase, and serial dilutions were plated on PIA-gentamicin plates containing 5% sucrose. Candidate zwf mutants were confirmed by Southern blot and G6PDH activity gel analyses.
Paraquat sensitivity assays. Bacteria were grown for 17 h at 37°C under aerobic conditions in L broth without NaCl containing 400 g of carbenicillin per ml and 0.2 mM IPTG. Aliquots (2.5 l) of these suspensions were added to 2.5 ml of the same medium containing increasing concentrations of paraquat and incubated on a roller wheel at 90 rpm for 17 h at 37°C. The final absorbance of the appropriately diluted suspensions was recorded on a Beckman DU 20 (Fullerton, CA) spectrophotometer at 600 nm.
Cell extract preparation, nondenaturing gel electrophoresis, and biochemical assays. Cell extracts of mid-logarithmic-phase organisms or overnight-grown bacteria were prepared from cultures harvested by centrifugation at 10,000 ϫ g for 10 min at 4°C. Bacteria were washed twice in ice-cold 50 mM sodium phosphate buffer (pH 7.0) and sonicated in an ice water bath for 10 s with a model W-225 sonicator (Heat-Systems, Inc., Farmington, N.Y.) at setting 5. The sonicate was then clarified by centrifugation at 13,000 ϫ g for 10 min at 4°C. Cell extract for native gel electrophoresis was prepared as described above except that 50 mM Tris-HCl (pH 7.8) was used as the diluent. G6PDH activity was monitored by the production of NADPH at 340 nm in 1-ml reaction mixtures containing 1 mM glucose-6-phosphate, 0.4 mM NADP ϩ , and cell extract, using a Beckman DUP spectrophotometer equipped with an NGI (Elk Grove Village, Ill.) Servogor chart recorder unless otherwise indicated. G6PDH activity staining in 7.5% nondenaturing gels was performed with the same reagents as in the spectrophotometric assay described above except for the addition of 0.16 mM phenazine methosulfate and 0.18 mM nitroblue tetrazolium (37) . Paraquat: NAD(P)H oxidoreductase activity was assayed by two methods. The first involved following the oxidation of NADH or NADPH spectrophotometrically at 340 nm (39) . The second involved activity staining in 10% nondenaturing gels soaked in a mixture of 50 mM Tris-HCl (pH 7.5), 4 mM paraquat, 1 mM nitroblue tetrazolium, and either 0.2 mM NADH or NADPH (40) . ␤-Galactosidase assays were performed on either chloroform-sodium dodecyl sulfate (SDS)-treated bacteria or cell extracts, using o-nitrophenyl-␤-D-thiogalactopyranoside (ONPG) as the substrate; the results were expressed as international units (micromoles of ONPG hydrolyzed/minute/milligram of protein), using a millimolar extinction coefficient for ONPG of 3.1 (45) . Catalase activity was monitored by following the decomposition of 18 mM H 2 O 2 at 240 nm (4, 6, 25) . Superoxide dismutase (SOD) activity was monitored by following the autoxidation of pyrogallol at 320 nm (52), a modification of the original method described by Marklund and Marklund (44) . Protein concentrations were estimated by the method of Bradford (5), using bovine serum albumin fraction V (Sigma) as the standard.
Nucleotide sequence accession number. The sequence shown in Fig. 1 has been assigned GenBank accession no. AF029673.
RESULTS
DNA sequence analysis of the P. aeruginosa zwf gene. The P. aeruginosa PAO1 zwf gene was initially cloned on an 11-kb BamHI fragment that also contained the eda gene, encoding keto-3-deoxy-6-phosphogluconate aldolase (64) . The zwf gene was localized to a ϳ2.5-kb SacII fragment. The predicted zwf gene product is 490 residues, which could form a tetramer with an molecular mass of ϳ220 kDa (Fig. 1) . A putative ribosome binding (Shine-Dalgarno) site (GGttGG) was identified 9 bp upstream of the zwf ATG start codon. The estimated size of the translated G6PDH monomer was ϳ55.6 kDa, with a pI of 12.6.
Amino acid similarity with other G6PDH proteins. [58] ), using the Align Plus 3 multiple protein alignment program (Fig. 2) . The P. aeruginosa G6PDH revealed the greatest identity with G6PDH proteins from E. chrysanthemi (55% identity) and E. coli (54% identity). The weakest homology was demonstrated with the G6PDH of H. influenzae (19% identity). The remaining G6PDH proteins were Ͼ40% identical.
Construction of an isogenic zwf mutant of P. aeruginosa PAO1. G6PDH-deficient P. aeruginosa PAO1 strains called PFB103 (zwf-2) and PFB98 (zwf-1) were initially constructed by chemical mutagenesis (50, 56) . These strains are incapable of utilizing mannitol as the sole carbon source and cannot catabolize glucose via the phosphorylative pathway because of a deficiency in G6PDH activity (50, 56) . Here we elected to construct an isogenic zwf mutant of wild-type strain PAO1 containing a selectable antibiotic resistance marker, the details of which are given in Materials and Methods. Insertional inactivation of zwf was first confirmed by Southern analysis on a sucrose r Gm r zwf mutant called PAO9010. Genomic DNA from the wild-type strain and PAO9010 was cut with PstI/ BamHI, transferred to nitrocellulose, and probed with a ϳ1-kb PstI-BamHI zwf fragment. Insertional inactivation of the zwf gene was confirmed by demonstration of a band of the predicted size (1.85 kb [Fig. 3A, lane 2] ) relative to wild-type DNA (ϳ1.0 kb [Fig. 3A, lane 1] ). Insertional inactivation of the zwf gene was also confirmed by monitoring G6PDH activity in nondenaturing gels. Figure 3B (lane 2) demonstrates an absence of G6PDH activity band in the mutant organism, while activity is clearly evident in the wild-type strain (lane 1).
Transcription of the zwf gene and G6PDH activity are maximal in logarithmic phase. To examine the regulation of zwf in P. aeruginosa, we used both transcriptional and translational approaches. To monitor zwf transcription, a 1.7-kb PvuII zwfcontaining fragment from pJFM1 was cloned into the unique SmaI site in pEX100T (62) . This plasmid, pJFM4, was cut with BamHI and ligated to a 4.0-kb BamHI-cut promoterless lacZGm r cassette from pZ1918G (61a), resulting in either pJFM5 (sense orientation) or pJFM6 (antisense orientation). These plasmids were conjugated into P. aeruginosa PAO1 via biparental mating and selected on PIA containing gentamicin (300 g/ml). Genetic confirmation of the zwf::lacZ-Gm r fusion mutant strain PAO9011 was elucidated after sucrose counterselection (as with strain PAO9010) and Southern analysis (data not shown). As shown in Fig. 4A , zwf (sense) transcription rose dramatically in early to mid-logarithmic phase, followed by a marked drop in activity when the organisms entered late log to stationary phase. Antisense transcriptional activity throughout the entire growth phase was negligible (data not shown). G6PDH enzymatic activity paralleled that of the zwf transcriptional analysis in Fig. 4A , with activity rapidly rising in the early stages of growth and falling markedly at the later stages (Fig.  4B) .
Effect of carbon source on zwf transcription. G6PDH activity is induced when organisms are grown in minimal medium supplemented with either glucose, gluconate, or glycerol, highly reduced substrates. In pseudomonads, G6PDH activity VOL. 180, 1998 CLONING AND CHARACTERIZATION OF P. AERUGINOSA zwf GENEis repressed by organic acids via catabolite repression (39; for a review, see reference 10), and this effect has been assumed to be at the level of transcription. To test this assumption, we elected to determine the level of zwf transcription in zwf::lacZ-Gm r fusion strain PAO9011 (constructed above) grown in media containing a variety of carbon sources. As shown in Fig. 5 , there is a broad range of transcriptional control of the zwf gene. Growth on glycerol, gluconate, and glucose allowed for the highest levels of zwf transcription. In contrast, growth on organic acids reduced zwf transcription, with succinate and acetate evoking the strongest catabolite repression.
Purification of P. aeruginosa G6PDH and enzyme kinetics. To determine the kinetic parameters of the P. aeruginosa G6PDH, we purified G6PDH from wild-type bacteria overexpressing the enzyme. We used a four-step procedure involving (i) ammonium sulfate precipitation of cell extracts, (ii) DE-52 anion exchange, (iii) hydroxyapatite chromatography, and (iv) Bio-Gel 150 gel filtration. Figure 6 demonstrates the stages of purification using SDS-polyacrylamide gel electrophoresis (PAGE). Clearly, the most significant purification step was DE-52 anion-exchange chromatography (Fig. 6, lane 4) . Some proteins which bound to DE-52 did not bind to hydroxyapatite (Fig. 6, lane 5) . The smaller contaminating proteins still present after hydroxyapatite chromatography were resolved easily with the Bio-Gel 150 matrix, while G6PDH, because of its large size (estimated at ϳ220 kDa), eluted from the column at the void volume (Fig. 6, lane 6) . We obtained approximately 500 g of purified G6PDH, a small portion of which was used for the kinetic analyses described below.
Many G6PDH enzymes have been purified from organisms or tissues from various phyla. Unlike the P. aeruginosa (35) and several other bacterial G6PDH enzymes, however, many G6PDH enzymes cannot use both NAD ϩ and NADP ϩ as cofactors for enzyme activity. To determine the specificity of the P. aeruginosa G6PDH toward G6P, NAD ϩ , and NADP ϩ , we performed a kinetic analysis using each compound. Doublereciprocal Lineweaver-Burk plots of enzymatic activity as a function of G6P, NAD ϩ , and NADP ϩ concentration are shown in Fig. 7 . The estimated K m values for G6P (with NADP ϩ as the cofactor), NAD ϩ , and NADP ϩ were 530, 333, and 57 M, respectively. The specific activities for NAD ϩ and NADP ϩ were calculated to be 176 and 69 mol/min/mg. An absence of G6PDH confers enhanced sensitivity to paraquat. The intracellular redox status of all living cells is governed in part by the levels of NAD(P) ϩ relative to NAD(P)H. NADPH is an essential cofactor for glutathione reductase (3) and alkylhydroperoxide reductase (32) , enzymes important in combating oxidative stress (9) . Since by-products of G6PDH activity are NADH and NADPH, and reduced levels of these cofactors would limit the efficacy of such enzymes, we predicted that a zwf mutant would be more sensitive to paraquat. However, for paraquat to cause oxidative stress, it must first be reduced, followed by autoxidation of the paraquat monocation radical (PQ*) by oxygen, creating O 2 . Paraquat reduction within E. coli is catalyzed by three paraquat:NADPH oxidoreductases (39) . It would be predicted that the activity of such an enzyme(s) under aerobic conditions would, in part, , antisense orientation) were grown aerobically at 37°C in L broth. At intervals, organisms were harvested and specific activities for ␤-galactosidase and G6PDH were measured. F, OD 600 ; ‚, ␤-galactosidase specific activity of strain PAO9011; E, G6PDH activity.
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CLONING AND CHARACTERIZATION OF P. AERUGINOSA zwf GENEdictate susceptibility or resistance to paraquat. Because the P. aeruginosa G6PDH enzyme also generates NADH (35), it is possible that paraquat can also be reduced by enzymes utilizing this cofactor that may not utilize NADPH. To monitor the activities of NADH-and NADPH-dependent paraquat oxidoreductases and to ensure that wild-type and zwf mutant levels of these enzymes were similar, cell extracts of both strains were subjected to nondenaturing PAGE followed by activity staining for both enzymes. As shown in Fig. 8 , P. aeruginosa possesses both NADPH (Fig. 8A )-and NADH (Fig.  8B )-dependent paraquat oxidoreductases; there were two of the latter and at least five of the former. The addition of PQ (lanes 5 to 8 in Fig. 8A and B) triggered a 1.2-fold increase in oxidoreductase activity, which was measured spectrophotometrically (data not shown). Thus, based on the activity gel, spectrophotometric measurement, and linear scanning densitometry (data not shown), we conclude that wild-type and zwf mutant levels of both paraquat-reducing enzymes were similar. Furthermore, the activities of the important antioxidants SoD and catalase were identical in both wild-type and zwf mutant organisms (data not shown). Finally, to test whether a G6PDH deficiency increases the susceptibility of P. aeruginosa to paraquat, wild-type and zwf mutant strains containing the zwf overexpression vector pJFM3 or the control vector pEX30 were grown in L broth in the absence of NaCl and exposed to increasing concentrations of paraquat. Our rationale for not supplementing L broth with NaCl in this experiment is that NaCl has been shown to interfere with paraquat for its receptor on the cell surface and thus restricts its antibiotic efficacy (34) . As shown in Fig. 9 , wildtype organisms were resistant to 60 M paraquat whereas the zwf mutant demonstrated increased sensitivity at concentrations of 40 M and greater. When the zwf gene was provided in trans in both the zwf mutant and wild-type strains, there was enhanced resistance to paraquat which exceeded that of wildtype organisms.
DISCUSSION
P. aeruginosa is capable of utilizing myriad carbon sources for growth. Although it prefers TCA cycle intermediates (e.g., succinate or citrate), it also readily metabolizes glucose. A key enzyme involved in glucose metabolism is G6PDH, which converts glucose-6-phosphate to 6-phosphogluconate. 6-Phosphogluconate is further metabolized by the obligatory EntnerDoudoroff pathway (29) . In this study, we have cloned and characterized the zwf gene encoding G6PDH to better understand the physiological role of this enzyme in normal aerobic metabolism.
Regulation of the P. aeruginosa zwf gene was found to be under tight transcriptional control. The transcription of zwf, as well as G6PDH activity, was greatest during mid-logarithmic phase and then rapidly decreased to basal levels. This was not surprising since substrates triggering elevated zwf transcription (e.g., glucose) are likely depleted once organisms begin to enter the stationary phase (41) . Furthermore, P. aeruginosa and other Pseudomonas species exhibit a strong catabolite repression control (10, 42) , and this pattern of induction/repression is a hallmark of such an event. Catabolite repression control of glucose-6-phosphate activity is normally striking, as evidenced by an approximate 90 to 99% reduction in activity when cells are grown on organic acids (66) . We observed a similarly wide range of transcriptional control for the chromosomal zwf::lacZ fusion and now conclude that catabolite repression control of the zwf gene is at the level of transcription. Interestingly, when the zwf::lacZ fusion was introduced on a multicopy plasmid (pUCP22 at ϳ30 copies/cell [61b] ), ␤-galactosidase activity was reduced only ϳ50% during growth on organic acids compared to glucose, glycerol, or gluconate (data not shown). This is strikingly similar to the HexC phenotype (64) , where a cloned promoter for the hex regulon genes edd and gap is proposed to titrate a hex regulon repressor, leading to increased basal activity of all five hex regulon enzymatic activities (Zwf, Edd, Eda, Gap, and Glk) (12, 64, 65) . This result indicates the presence of a Hex repressor binding site upstream of the zwf gene, for which there is in vitro evidence (51) .
Unlike eukaryotic G6PDH enzymes, which can utilize only NADP ϩ as a cofactor, many bacterial enzymes, including those from Leuconostoc mesenteroides (13) , Acetobacter suboxydans (8) , A. hansenii (53) , Azotobacter vinelandii (2), P. aeruginosa (this study and reference 35), P. fluorescens (37) , P. (Burkholderia) cepacia (7), and P. multivorans (67) , utilize both NAD ϩ and NADP ϩ . Of particular interest was the remarkably low K m of the P. aeruginosa G6PDH for its substrate, glucose-6-phosphate (530 M). Estimated K m values range from 2.3 to 2.7 mM for glucose-6-phosphate of purified or partially purified G6PDH enzymes or the NAD ϩ /NADP ϩ -cofactored G6PDH from the related organism P. fluorescens (37) to 5 mM in the other related species P. multivorans (67) and Burkholderia (formerly Pseudomonas) cepacia (7) . Furthermore, the cofactor specificity for the P. aeruginosa G6PDH was nearly sixfold greater for NADP M) but the specific activity was greater with NAD (176 versus 69 U/mg). One particular advantage for possessing an enzyme with such superb efficiency is that the valuable cellular reducing equivalents NADH and NADPH, by-products of G6PDH activity, are essential cofactors for hundreds of enzymes involved in catabolic or anabolic processes and cellular defense and could be produced in environments where glucose is limiting.
The role of G6PDH in susceptibility to paraquat was also dissected. Resistance to reactive oxygen intermediates in P. aeruginosa is governed in part by antioxidant enzymes, including iron-and manganese-cofactored SOD (21) (22) (23) (24) (25) (26) and at least two heme catalases (6, 21) . One compound which exacerbates the production of O 2 Ϫ and H 2 O 2 within aerobic bacteria is paraquat (18, 20) . In E. coli, transcriptional control of the zwf gene is governed by the soxRS regulon (for a review, see reference 14) and increased upon exposure to paraquat (18, 33) . It was postulated that an increase in G6PDH activity is brought about because of the need for NADPH, required as a cofactor for glutathione reductase (3) and alkylhydroperoxide reductase (32) activities. The latter enzymes are important in combating paraquat-mediated oxidative stress (9) . The sensitivity of our P. aeruginosa zwf mutant to paraquat is consistent with an unpublished observation in E. coli, where a zwf mutant demonstrated increased sensitivity to both the related redoxactive compound menadione and H 2 O 2 (17) . Although the enhanced sensitivity of our P. aeruginosa zwf mutant was modest, enhanced resistance could be conferred by overexpression of intracellular G6PDH (Fig. 9) . Still, sensitivity to paraquat is likely dependent on the presence or absence of multiple cellular factors, some of which include SOD (24), catalase (6), methionine sulfoxide reductase (46, 47) , DNA repair systems (30, 31) , and various regulatory proteins (e.g., SoxRS [14] ).
Although the P. aeruginosa gor gene encoding glutathione reductase has been cloned (49) , no mutants are currently available. Similarly, an ahp (alkylhydroperoxide reductase [32] ) homolog has not been identified in this organism. It will be important to construct gor and, if possible, ahp mutants of P.
FIG. 7. Estimation of K m for glucose-6-phosphate (G6P; A), NAD
ϩ (B), and NADP ϩ (C) with purified P. aeruginosa G6PDH. Rates were measured in terms of an increase in absorbance at 340 nm at 22°C. Initial rates as a function of either glucose-6-phosphate, NAD ϩ , or NADP ϩ are presented above on reciprocal coordinates, using 4.2 nM purified P. aeruginosa G6PDH .   FIG. 8 . Analysis of wild-type and zwf mutant cell extracts for paraquat: NADPH and paraquat:NADH oxidoreductase activity. P. aeruginosa PAO1 and PAO9010 containing either pEX30 (vector control) or the zwf expression vector pJFM3 were grown in L broth minus NaCl containing 400 g of carbenicillin per ml and 0.2 mM IPTG until mid-logarithmic phase (OD 600 ϭ 0.6), and the culture was divided into two parts. One set was treated with 100 M paraquat (PQ), and the other served as a control. These suspensions were incubated aerobically for an additional hour at 37°C prior to preparation of cell extracts. Extracts were separated by nondenaturing PAGE on 7.5% polyacrylamide gels and stained for paraquat:NADPH (A) and paraquat:NADH (B) oxidoreductase activities as previously described (40) . Lanes 1 through 4, mid-logarithmic-phase organisms; lanes 5 through 8, mid-logarithmic-phase organisms plus 100 M paraquat for 1 h. Lanes 1 and 5, PAO1(pEX30); lanes 2 and 6, PAO1(pJFM3); lanes 3 and 7, PAO1 zwf(pEX30); lanes 4 and 8, PAO1 zwf(pJFM3).
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